GRP94 (glucose-regulated protein of 94 kDa) is a major luminal constituent of the endoplasmic reticulum with known high capacity for calcium in vivo and a peptide-binding activity in vitro.
INTRODUCTION
GRP94 (glucose-regulated protein of 94 kDa), also known as gp96 (glycoprotein 96), is an ER (endoplasmic reticulum) molecular chaperone that belongs to the HSP90 (heat-shock protein 90) class of stress proteins. It is known to affect the biosynthesis of several secreted and membrane-bound proteins, such as immunoglobulins [1] or Toll-like receptors [2] , but the list of known GRP94-chaperoned proteins is not extensive and the specificity of GRP94 in protein recognition is thought to be restricted [3] . Similar to other members of the HSP90 class, the association of GRP94 with its chaperoned proteins can be inhibited with the polycyclic compounds geldanamycin and radicicol, which bind to the Nterminal domain of the protein [4] . Apart from its activity in vivo, GRP94 has long been known to be a peptide-binding protein [5, 6] . Its ability to bind many different peptides has been exploited to augment immune responses. When injected into mice, GRP94-bound peptides are transferred on to MHC class I proteins that then activate peptide-specific T-cells [7] [8] [9] . We have mapped a peptide-binding site in the N-terminal domain of GRP94, distinct from the geldanamycin/radicicolbinding pocket, and have shown that binding of peptides to this N-terminal site accounts for the immunological activity of GRP94 [10] [11] [12] . The peptide-binding activity in vitro may serve as a surrogate assay for the chaperone activity in vivo, although the relationship between these activities still needs to be determined conclusively.
GRP94 has been linked extensively to cellular Ca 2+ homoeostasis [13] . One of the defining characteristics that GRP94 shares with other ER stress proteins is that its expression is induced via a transcriptional feedback loop [14] when cells are treated with Ca 2+ ionophores [15, 16] . GRP94 binds Ca 2+ and is one of approximately six luminal proteins that serve as the major Ca 2+ buffers of the ER [13, [17] [18] [19] . Purified GRP94 is predicted to bind 28 mol of Ca 2+ /mol of protein by one estimate [13] and 16-20 mol/mol by another [19] , with a few high-affinity (K d 1-5 µM) binding sites and the rest being lower-affinity sites (K d ∼ 600 µM). In these respects, GRP94 resembles two other ER chaperones, calreticulin and calnexin [20, 21] . Calreticulin and GRP94 are calculated to provide 30 µM each of Ca 2+ storage capacity. Together, the Ca 2+ -binding proteins in the ER provide a large Ca 2+ storage capacity [22] that enables the ER to accumulate high levels of free and bound Ca 2+ to supply Ca 2+ for release in response to a variety of metabolic demands. Despite the apparent redundancy of ER Ca 2+ -binding proteins, each of them may play a unique role. For example, the ER of calreticulin-deficient cells can store much less total Ca 2+ , although the luminal free Ca 2+ concentration is unchanged [23] . No unique role in Ca 2+ homoeostasis has been ascribed to GRP94 to date, which provided one impetus for the present study.
None of the Ca 2+ -binding sites of GRP94 have been mapped yet, and importantly, it is not known how the Ca 2+ binding activity affects the other activities of the chaperone. In previous work, we demonstrated that several of the biological properties of the fulllength protein reside within the segment encoding amino acids 34-355 [10] [11] [12] , and that amino acids 356-802 can be deleted without affecting these activities. The fragment N34-355 (N-terminal 34-355 amino acids) of GRP94 allows binding of nucleotides, peptides, radicicol or geldanamycin, and it also contains the binding site(s) for the CD91 receptor and SR-A (scavenger receptor type A) [12] . Therefore, the ability of GRP94 to augment peptide presentation and activation of T-cells is contained fully within this segment [12] . N34-355 contains most of the Nterminal domain of GRP94 which is divided into two lobes [24] , the helical lobe that contains the nucleotide-binding site [10, 11] and the β-sheet lobe that contains the peptide-binding site [11] . In addition, N34-355 contains the first charged domain of GRP94 (amino acids 273-307), to which no distinct activity has so far been ascribed.
Aside from the high-capacity of GRP94 for Ca 2+ , the only evidence to date for a functional role for Ca 2+ binding is that, in the presence of ATP, Ca 2+ stimulates the release of GRP94, protein disulfide isomerase, ERp72, calreticulin and p50 from columns of unfolded protein [17] . In the present study we have demonstrated that the N-terminal portion of GRP94 contains at least one high-affinity Ca 2+ -binding site in the charged linker domain, the occupancy of which is important because it regulates the peptide-binding activity of the chaperone.
MATERIALS AND METHODS

Cells
ES (embryonic stem) cell lines were established from blastocysts flushed at embryonic day 3.5 from pregnant mice. Line 42.1 is from a wild-type C57/B6 embryo, whereas line 14.1 is from a grp94 −/− embryo. They were grown in endotoxin-free DMEM (Dulbecco's modified Eagle's medium), supplemented with antibiotics, 20 % (v/v) fetal calf serum (HyClone), non-essential amino acids and ESGRO ® (Chemicon International), either on feeder layers of irradiated mouse embryonic fibroblasts or on gelatin-coated plates. As described elsewhere (S. Wanderling, O. Ostrovsky and Y. Argon, unpublished work), these cells were capable of differentiation. The phenotype of the line 14.1 cells is due to lack of GRP94 and not to secondary adaptation, because it can be complemented by re-expression of GRP94 (S. Wanderling, O. Ostrovsky and Y. Argon, unpublished work). Transformed cells lines were established from these ES cells by immortalization with hTERT (human telomerase reverse transcriptase). Briefly, line 42.1 and line 14.1 cells were transfected with the plasmid pGRN145 (A.T.C.C.), hygromycinresistant colonies were selected, re-cloned and expression of GRP94 was verified by Western blotting. The cell lines were capable of growing without feeder cell layers on uncoated tissueculture plastic dishes and grew well at serum concentrations of 10 % or less.
Cell viability assays
Cells that were attached and excluded Trypan Blue were considered live and were counted and evaluate over several doubling times. In some experiments, viable cells were determined by the XTT [2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide] diphenyltetrazolium bromide assay (Roche), according to the manufacturer's instructions. Enzymatic values were converted into absolute cell numbers by calibration with known numbers of ES cells.
Recombinant proteins
N1-355
The construct for expression of N1-355 in insect cells and the purification procedure have been described previously [10] . Recombinant N1-355 contained an N-terminal His 6 tag followed by the first 355 amino acids of the mature GRP94 sequence (out of 802) and a C-terminal ER-targeting signal KDEL.
N34-355
The sequence coding for the first 33 amino acids of GRP94 was deleted by PCR cloning. The resultant PCR product was inserted into the pQE-3OXa vector (Qiagen) using BamHI and XmaI to add a His 6 tag followed by a Factor Xa recognition sequence at the N-terminus. The plasmid was transformed into M15 Escherichia coli, which were allowed to grow to midexponential phase and then incubated with 1 mM IPTG (isopropyl β-D-thiogalactoside) for 4 h at 28
• C to induce protein expression. Bacteria were harvested and lysed in 1 % NP40 (Nonidet P40) (Sigma Chemicals) in 20 mM phosphate buffer (Na 2 HPO 4 and NaHPO 4 ), pH 7.2, containing 500 mM NaCl and 20 mM imidazole. N34-355 was purified from the detergent lysates by affinity chromatography on Ni-NTA (Ni 2+ -nitrilotriacetate) columns (Qiagen), according to the manufacturer's instructions. Bound proteins were eluted by use of an imidazole gradient from 20-500 mM in 20 mM phosphate buffer, pH 7.2, containing 20 mM NaCl. The fractions containing N34-355 were purified further on a Mono-Q column (Amersham). Pooled protein fractions were dialysed, concentrated and stored at − 80
• C in 25 mM Hepes, pH 7.2, 110 mM potassium acetate, 20 mM NaCl and 1 mM magnesium acetate, containing 10-20 % (w/v) sucrose (buffer A−Ca 2+ ), or in the same buffer containing 0.1 mM CaCl 2 (buffer A).
Cleavage with thrombin
In order to perform thrombin cleavage, 5 µg of either N34-355 or BSA in 25 µl of buffer A were incubated in the presence of 1 unit of thrombin per µg of protein at 37
• C for 2 h. The reactions were terminated by addition of EDTA to a final concentration of 5 mM. The digests were resolved by SDS/PAGE.
Peptides
The VSV (vesicular stomatitis virus) 8 peptide, RGYVYQGL, is derived from the VSV N protein, peptide A is a 15-mer (KRQIYTDLEMNRLGK) derived from the G protein of VSV and the peptide SIINFEKL is derived from ovalbumin. The peptides were synthesized at the University of Chicago Peptide Protein Core Facility, purified by HPLC on a C18 column (Waters) and verified by MS. Stock solutions were prepared in DMSO and stored at − 80
• C. Peptide concentrations were determined by a BCA (binchoninic acid) protein assay (Pierce). Where indicated, peptides were iodinated by use of the IodoBead method (Pierce) and unincorporated iodine was removed by passage over a short Dowex AG1 × 8 column. The specific radioactivity of the peptides was routinely 2 × 10 14 -1 × 10 15 c.p.m./mol.
Peptide-binding assays
Two types of peptide-binding assays were used. The solution binding assay was as described previously [10] . In brief, recombinant proteins were incubated with iodinated peptide under saturating conditions and radioactivity associated with protein-peptide complexes was measured after separation of free peptide over spin columns containing P10 beads (Bio-Rad) in buffer A. Iodinated peptide without protein was used as a background control for spin-column separation.
The second assay was a solid-phase plate-binding assay. The 96-well plates (Costar 9017 medium binding, Corning) were coated with a saturating concentration of VSV8. The recombinant proteins (8 µg/ml) were heat-shocked for 10 min at 50
• C, added at 100 µl/well and allowed to bind for 30 min. Binding was quantified by use of a HRP (horseradish peroxidase)-conjugatedrabbit anti-His 6 antibody (Clontech). After addition of ABTS [2,2 -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)] (Roche) colour development was monitored at 415 nm with a BioTek plate reader. Since both N1-355 and N34-355 normally reached saturation at input levels of 7 or 10 µg/ml respectively, the A 415 was defined as 1 and all data points were normalized to it. Inhibition by 300 µM radicicol (Sigma; stock solution in DMSO) was used as a specificity control. Blots were washed four times with overlay buffer (10 mM imidazole, 70 mM KCl and 5 mM MgCl 2 , pH 6.8), incubated with 1.5 µCi/ml 45 Ca 2+ in overlay buffer for 1 h, washed with 50 % (v/v) ethanol for 5 min, exposed to a phosphorimager screen for 48 h and developed using a Typhoon imager (GE Heathsystems).
Direct binding of calcium
Quantification of 9G10 binding
N34-355 (500 ng/well) was immobilized on Ni-NTA plates (Qiagen) overnight. After washing, the wells were incubated in buffer containing Ca 2+ or EGTA as indicated, followed by incubation with a monoclonal anti-GRP94 antibody, 9G10 (StressGen). Binding of the antibody was detected using a HRP-conjugated anti-rat IgG antibody and the ABTS substrate. Colour development was monitored at 415 nm.
Tryptophan fluorescence
Intrinsic tryptophan fluorescence of either N34-355 (2.5 µM) or N1-355 (1 µM) was measured using a JASCO fluorimeter. Each protein in buffer A was untreated or treated with EGTA (1 mM), radicicol (300 µM) or heat-shocked at 50
• C for 10 min. Excess unbound ligand was removed by spin-column chromatography, the proteins were excited at 295 nm and their emission spectra were monitored between 300 to 450 nm. The fluorescence values were buffer-corrected and normalized to the protein concentration in each sample.
CD
Recombinant N34-355, which had been purified and stored either in complete buffer A or in Ca 2+ -free buffers, were desalted into 10 mM Mops, pH 7.0, at a final concentration of 2.8 µM protein. CD spectra of the protein solution were measured using a JASCO 810 spectrometer at 25
• C in 0.1-cm-path-length cuvettes. All spectra were buffer-corrected.
RESULTS
Given that the peptide-binding activity of GRP94 is important for its function in augmenting immune responses, we first investigated whether this activity is regulated by Ca 2+ . Two short versions of GRP94, designated N1-355 and N34-355, were produced in baculovirus and bacterial expression systems respectively, and used for peptide-binding studies. Both versions contain the Nterminal domain with its peptide-binding site [10, 11] and the nucleotide-binding site, as well as the charged linker domain. The main peptide used was the octamer VSV8, the major antigenic determinant of VSV. When N1-355 was used to bind VSV8 in solution, binding was promoted by increased concentrations of Ca 2+ , with maximal binding activity at approx. 100 µM Ca 2+ (Figure 1A) . Similarly, when N34-355 was used in solution binding with VSV8 (see Figure 5 below), more peptide was bound in the presence of Ca 2+ . In a solid-phase binding assay, increasing concentrations of EGTA progressively inhibited peptide binding with maximal inhibition occuring in the presence of 400 µM EGTA ( Figure 1B) . Importantly, the level of peptide binding in the absence of Ca 2+ was similar to the level of peptide binding in the presence of radicicol, a well-studied inhibitor of chaperone function ( Figure 1A-1C) . The binding of N34-355 to two other peptides, the 15-mer peptide A [10] and the ovalbumin-derived octamer SIINFEKL [8] , was similarly sensitive to Ca 2+ , as shown in Figure 1(D) . Both these peptides were demonstrated previously to bind full-length GRP94 in a saturable fashion, and in the cases of VSV8 and peptide A, to cross-inhibit each other, indicating that they presumably bind to the same site [6, 10] . Therefore the dependence of peptide-binding on Ca 2+ is a property of the protein and not as a result of the peptide or the assay format.
In further support of the regulation of activity by Ca 2+ , when recombinant N34-355 protein was purified in Ca 2+ -containing buffers, it displayed superior peptide-binding activity that was inhibited in the presence of EGTA. However, when the recombinant protein was purified in Ca 2+ -free buffers, it had a much lower peptide-binding activity ( Figure 1C ). This was a reversible deficiency: when Ca 2+ was added back to N34-355 that had been purified in the absence of Ca 2+ or to EGTA-treated protein, peptide binding was restored ( Figure 1E ), maximal activity was regained in the presence of 100 µM Ca 2+ . Addition of Mg 2+ did not have a similar effect (results not shown). This shows that the effect of EGTA treatment on N34-355 was via its action as a Ca 2+ chelator. To demonstrate directly that Ca 2+ binds to the truncated GRP94 construct, we incubated the protein with various concentrations of 45 Ca 2+ of known specific activity and measured the protein-bound radioactivity at equilibrium (Figure 2A ). Binding of Ca 2+ to the protein was saturable at > 500 µM input Ca 2+ . Scatchard analysis of the binding isotherm showed biphasic behaviour ( Figure 2B Since no Ca 2+ -binding sites have yet been mapped on to GRP94, we aimed to localize the Ca 2+ -binding site within N34-355 using the blot overlay technique. As shown in Figure 3 , when blots containing N34-355 were incubated with 45 Ca 2+ , direct binding of Ca 2+ to the protein could be visualized. This binding was specific, since no Ca 2+ binding to either BSA or other proteins was detected. Digestion of the protein with thrombin, which had one potential cleavage site after Arg 222 , generated two fragments of 22.4 kDa and 14.6 kDa ( Figure 3B ). When the radioactive 45 Ca 2+ overlay technique was used on thrombin-cleaved N34-355, the radioactivity was clearly associated with the smaller thrombin fragment and not with the larger one ( Figure 3A) . As we have shown previously [11] , the 22.4 kDa thrombin fragment encompasses the N-terminal His 6 tag, the nucleotide-binding site and, importantly, the peptide-binding site. The 14.6 kDa fragment, on the other hand, contains the C-terminus and the 9G10 monoclonal antibody epitope ( Figure 3D ). We conclude that the Ca 2+ site, which affects peptide binding, maps to the charged linker domain of GRP94.
Since the epitope for the anti-GRP94 monoclonal antibody, 9G10, maps to the same charged domain [10, 25] , we tested whether Ca 2+ binding affects the accessibility of the 9G10 epitope. Full binding of the antibody to N34-355 was obtained in the presence of 100 µM Ca 2+ , but antibody binding was reduced if N34-355 was treated with EGTA or if N34-355 was purified under Ca 2+ -free conditions ( Figure 4A ). Since the 9G10 epitope is conformational in nature and binding was abolished when GRP94 was inhibited with radicicol or geldanamycin ( [10] and Figure 4A ), these results are consistent with a Ca 2+ -induced conformational change in the charged linker domain. This conformational change seems to be localized, as there is no significant change in the mobility of N34-355 when analysed by blue native gel electrophoresis (results not shown). A second technique used to measure conformational changes was tryptophan fluorescence in response to various treatments of N34-355 or N1-355. As shown in Figures 4(B) and 4(C), treatment with radicicol decreased the amplitude of tryptophan fluorescence and shifted the λ max , indicating a conformational change occurred in both of the truncated versions of GRP94. On the other hand, the brief heat shock used to activate peptide binding did not affect either the amplitude or λ max , but shifted the red region of the spectrum. Treatment of the protein with EGTA also led to a change in tryptophan fluorescence, but the change was distinct from that caused by radicicol treatment: the decrease in fluorescence amplitude was less severe and the λ max was blue-shifted in the presence of EGTA, but red-shifted by 3-4 nm in the presence of radicicol ( Figures 4B and 4C) . When analysed by CD, the far-UV spectra of Ca 2+ -loaded or Ca 2+ -free protein were virtually identical ( Figure 4D ), indicating no change in the secondary structure. Therefore, Ca 2+ binding induces a tertiary structure change in the protein and the conformational change induced by Ca 2+ is different from that induced by radicicol, even though the absence of Ca 2+ and the presence of radicicol inhibit peptide binding to a similar extent.
Given that Ca 2+ binding regulates peptide binding at a distance, we asked whether the regulation affects the association of peptide or its stability once bound. it is less than 6 mmol/min ( Figure 5 ). Furthermore, in the absence of Ca 2+ there is a distinct lag phase, but eventually the (A) Recombinant N34-355 (3.6-6.9 µM per reaction) that had been purified in Ca 2+ -free buffer was incubated with increasing concentrations of 45 Ca 2+ at known specific activities for 4 h at room temperature. Each sample was then passed over Ni-NTA beads to separate bound complexes from free Ca 2+ , and the radioactivity associated with N34-355 was measured by scintillation counting. The background-corrected radioactivity was used to calculate the amount of Ca This enhancement by Ca 2+ was observed when the chaperone was treated by a brief 50
• C heat shock. It has been argued that heat shock denatures GRP94 and therefore the activity observed under such conditions is not representative of the activity of the protein in vivo [26] . Therefore, we examined whether Ca 2+ enhances peptide binding when the reaction is conducted entirely at room temperature without the heat-shock treatment. We demonstrated previously [10] that in the absence of the heat-shock treatment the binding kinetics are slow and saturation of peptide binding requires hours instead of minutes. As shown in Figure 5(B) , the presence of Ca 2+ stimulated peptide binding, even without heat- shocking the protein, demonstrating that peptide binding and its regulation are fundamentally similar with or without heat shock. Under the latter conditions, however, the major effect of Ca
2+
was not on the slope of the binding curve (1 mmol compared with 0.6 mmol peptide bound/mol chaperone per min), but rather on the saturation level of binding ( Figure 5B ). This effect is consistent with the interpretation that Ca 2+ acts to increase the fraction of protein in the active conformation and that, without Ca 2+ , only approximately half of the molecules are competent to bind peptide.
A second reason for focusing on the on-rate of peptide binding is that, although EGTA inhibits when present during peptide binding, addition of EGTA after peptide binding did not dissociate the complex ( Figure 5C ). Third, thrombin-cleaved N34-355 loses its peptide-binding activity ( Figure 5D) ; the residual activity is proportional to the amount of intact N34-355 left after the enzymatic digestion (for example, Figure 3B ), but not to the total protein in the reaction. We therefore infer that the conformational change upon Ca 2+ binding promotes the association of peptide with the curved β-sheet in the N-terminal domain, rather than augmenting peptide binding by affecting the dissociation rate. This conclusion is in line with the previous observation [11] that, after the peptide-protein complex was formed, thrombin digestion and EGTA treatment did not dissociate the peptide from the 22.4 kDa fragment.
We have demonstrated that GRP94 is required for the cellular stress response to serum deprivation (growth-factor withdrawal) due to its activity as a chaperone and, presumably, via its ability to bind peptides (O. Ostrovsky and Y. Argon, unpublished work). In order to determine whether the Ca 2+ binding activity of GRP94 is also important for stress responses, we used a homozygous , excited selectively at 295 nm, was monitored under different conditions. The emission spectra for the untreated protein in buffer A at room temperature, the protein after a 10 min heat shock at 50 • C, radicicol-inhibited protein and EGTA-chelated (1 mM) protein are shown. The data in (B) are representative of two experiments and in (C) of three experiments with different protein preparations. Amino acids 1-33 of GRP94 do not contain tryptophan or tyrosine and are dispensable for peptide binding [10] . (D) CD spectra of Ca 2+ -bound and Ca 2+ -free N34-355. The molar ellipticity (theta) is plotted as a function of wavelength in the far-UV region. N34-355 solutions (2.8 µM) in 10 mM Mops, pH 7, were placed in a 0.1-cm-path-length cuvette and spectra were measured at 25 • C with a JASCO 810 instrument. The spectra were then buffer-corrected. Ca 2+ -bound protein was purified and stored in complete buffer A, whereas the Ca 2+ -free N34-355 was purified and stored in buffers lacking Ca 2+ .
ES cell line with both GRP94 alleles deleted by homologous recombination in comparison with a wild-type ES cell line. Both lines were derived from blastocysts from an intercross between grp94 −/+ mice, as described elsewhere (S. Wanderling, O. Ostrovsky and Y. Argon, unpublished work). The response of the ES cells to Ca 2+ perturbation was first measured by the toxicity of Tg (thapsigargin), a specific inhibitor of the ER ATPase-Ca 2+ pump. As shown by dose-response experiments ( Figure 6A ), grp94 −/− embryonic fibroblasts are more sensitive to Tg treatment than wild-type cells. Treatment with Tg for 7 h lead to only 20 % cell death, even at the higher concentrations, whereas grp94 −/− cells showed substantial cell death at 300 nM within this time frame, with 50 % of cells dead at 700 nM ( Figure 6A ). After longer times of treatment, GRP94-sufficient cells are also progressively affected, but at each treatment concentration/time, the grp94 −/− cells are affected more severely (results not shown). Another method to perturb Ca 2+ homoeostasis is to culture cells in medium containing EGTA, to remove any extracellular Ca 2+ source. As shown in Figure 6 (B), wild-type cells continue to proliferate when grown with or without EGTA, but grp94 −/− cells stop growing in Ca 2+ -depleted medium, although they do not die and remained attached to the plates ( Figure 6C ). Such hypersensitivity to Ca 2+ perturbation is specific for GRP94 ablation, because calreticulin-deficient cells are not hypersensitive to Tg and have normal Ca 2+ stores [27] . Calreticulin is as abundant as GRP94 in the ER and has a similar capacity for Ca 2+ , approx. 30 µM. Thus the effect of GRP94 ablation, despite the presence of a number of other ER Ca 2+ -binding site proteins, suggests that some unique activity of GRP94 is related to Ca 2+ homoeostasis and is important for cell viability.
DISCUSSION
The present study establishes a functional role for Ca 2+ binding by the chaperone GRP94. GRP94 is not only a passive high-capacity reservoir for Ca 2+ , but rather its activity is regulated by Ca 2+ . Furthermore, despite the redundancy of Ca 2+ -binding proteins in the ER, the ability of GRP94 to bind Ca 2+ is uniquely important in the cellular context, since in the absence of GRP94, cells are hypersensitive to perturbations in Ca 2+ homoeostasis. Our results show that the peptide-binding activity of GRP94, which is likely to be related to the chaperone activity of the protein, requires Ca 2+ . As shown in Figure 3 (E), a Ca 2+ ion binds to a site within the charged linker domain of GRP94 (amino acids 266-355), inducing a conformational change that promotes the on-rate of peptide binding to the curved β-sheet in the Nterminal domain, without substantially affecting the off-rate. The structural basis for this conformational change remains to be determined. Although the charged linker domain is included in the constructs used by Soldano et al. [24] to solve the structure of the N-terminal portion of GRP94, this linker is not visible in the crystal structures. However, indirect evidence suggests that the charged linker affects the conformation of the peptidebinding site, because the C-terminal 10 amino acids of the linker domain fold back on to the β-sheet in the crystal structure [24] . More evidence for a conformational cross-talk between the two domains is the loss of a monoclonal-antibody-binding site in the charged linker domain when the N-terminal domain is bound by the inhibitors geldanamycin or radicicol [11] . Therefore, it is quite possible that modulation of the conformation of the charged linker affects the ability of the N-terminal domain to bind peptides.
Recent work employing SPR (surface plasmon resonance) challenged the specificity of peptide binding to GRP94, concluding that the binding of the same peptide used here was nonspecific and inhibited by Ca 2+ [26] . Therefore it was important to establish specificity and regulation of binding. The specificity of peptide binding was demonstrated in the present study by the saturable binding isotherm, by the sensitivity of binding to Ca 2+ and the known sensitivity to geldanamycin and radicicol. Importantly, we extended previous work by showing that, regardless of whether the protein has been heat-shocked or not, it is still able to bind the peptide with the same saturation level and a molar ratio close to 1:1, strongly suggesting a single peptide-binding site. None of these observations would be expected if peptide binding is merely adsorptive. The heat-shock treatment does not create new binding sites and only accelerates the association rate; therefore it is a valid experimental method to study the activity of the protein. We ascribed the results in [26] to the use of an inactive protein due to the procedure of coupling it to the Biacore chip (C. A. Makarewich and Y. Argon, unpublished work). As the stoichiometry of peptide binding is the same whether full-length GRP94 or the truncated N34-355 protein is used [10] , the peptide-binding characteristics shown in the present study and in previous work [10] also represent the binding activity of the full-length chaperone.
The exact site of Ca 2+ binding has not yet been mapped. The charged linker domain does not contain any canonical EF-hand metal-binding sites. However, amino acids 266-290 and 329-334 of GRP94 contain several stretches of three to six consecutive Asp-Glu residues, each of which could potentially co-ordinate Ca 2+ atoms. Site-directed mutagenesis would be necessary to precisely map the Ca 2+ -binding sites. Full-length GRP94 has been reported to possess several Ca 2+ -binding sites with affinity at the range of 1-5 µM [19] . The site demonstrated in the present study in the charged linker of N34-355 has approx. 10-fold lower affinity, so there must be other, higher-affinity sites elsewhere in full-length GRP94.
As GRP94 resides in the lumen of the ER, where free Ca
2+
fluctuates between low micromolar to approximately millimolar concentrations [22] , it is important to note that its higher- There is a precedent for Ca 2+ -regulated protein binding in the ER, as both of the lectin-type chaperones, calnexin and calreticulin, have a Ca 2+ -binding site of similar affinity to that of GRP94 [20] and this site maps to a region distinct from, but close to, the carbohydrate-recognition site, and occupancy of this site positively influences the chaperone activity of calnexin and calreticulin [21, 28, 29] . For example, Di Jeso et al. [30] found that Tg treatment induces the premature exit of thyroglobulin folding intermediates from the calnexin/calreticulin cycle, while stabilizing and prolonging thyroglobulin interactions with BiP (immunoglobulin heavy-chain-binding protein) and GRP94. ER Ca 2+ depletion also inhibited the folding of membrane proteins such as LRP (lipoprotein-receptor-related protein) [31] and TCR (T-cell receptor) [32] .
Although we have uncovered a mechanism that can regulate GRP94 activity in the cell, it is not immediately obvious why the presence of GRP94 is important for the ER Ca 2+ stores. No interaction between GRP94 and proteins involved in Ca 2+ homoeostasis has been reported, and therefore the hypersensitivity of grp94 −/− cells to Tg may indicate a separate function of GRP94, distinct from its chaperone activity. Nonetheless, this function is a property specific for GRP94, because ablation of calreticulin, whose concentration in the lumen is similar to that of GRP94 and estimated at 30 µM, does not lead to similar hypersensitivity. Similarly, overexpression of the membrane-bound chaperone calnexin also does not affect Ca 2+ stores [27, 33] . The observed hypersensitivity is not likely to be due to depletion of the storage capacity, because not only calreticulin, but also protein disulfide isomerase, BiP and other ER proteins, bind multiple Ca 2+ atoms per molecule of protein [34] and their abundance in the ER is unchanged in grp94 −/− cells (O. Ostrovsky and Y. Argon, unpublished work). Therefore it is more likely that there is a functional or physical association between GRP94 and either the Ca 2+ pumps, the Ca 2+ leakage channels in the ER membrane or a regulatory protein. A specific function for GRP94 in Ca 2+ homoeostasis may be inferred from the importance of GRP94 levels in muscle cells. Gorza et al. [35] . found that over-expression of GRP94 protects cardiomyocytes from the toxic effects of high free intracellular Ca 2+ and that a reduced level of GRP94 compromises the fusion competence of skeletal myoblasts [36] .
A further important consequence of the finding that the peptidebinding ability of GRP94 is stimulated in the presence of Ca 2+ is for the design and use of GRP94 as a vaccine. Full-length GRP94, and more recently, the N1-355 portion of the chaperone, have been used to stimulate cytotoxic T-cell production against viruses and tumours, both in animal models and in clinical trials [12, 35] . In a typical application, purified chaperone is loaded with peptides that are recognized by T-cells and are injected into the recipient, in order to be taken up by dendritic cells and macrophages. Once in these cells, the bound peptide is delivered to MHC class I molecules, which subsequently traffic to the surface of the dendritic cell or macrophage and present the peptide to T-cells. The efficiency of loading in vitro is affected by Ca 2+ levels, as shown in the present study, and it is also possible that peptide unloading in recipient cells is affected. It is, therefore, important to understand how Ca 2+ regulates peptide binding and release in order to optimize the design of chaperone-mediated vaccines.
